Supplementary table 1. Disorders that can present with bilateral basal ganglia

abnormalities on MRI

3-HMG-COA LYASE DEFICIENCY

2-METHYL-3-HYDROXYBUTYRYL-COA DEHYDROGENASE DEFICIENCY

ACERULOPLASMINEMIA

ACUTE DISSEMINATED ENCEPHALOMYELITIS

ACUTE NECROTIZING ENCEPHALOPATHY

AFG3L2

ADAR1

ALEXANDER DISEASE

ALPHA MANNOSIDOSIS

AP4 DEFICIENCY

ASPARTYLGLUCOSAMINURIA (AGA)

AUTOIMMUNE BASAL GANGLIA ENCEPHALITIS

BETA KETOTHIOLASE DEFICIENCY

BETA PROPELLER PROTEIN ASSOCIATED NEURODEGENERATION

CANAVAN DISEASE

CARASAL

CARBON MONOXIDE POISONING

CERBROTENDINOUS XANTHOMATOSIS

CEREBRAL CREATINE DEFICIENCY SYNDROMES 1, 2, 3 (SLC6A8, GAMT,

AGAT)

CHILDHOOD-ONSET-DYSTONIA-28

CHOLINE TRANSPORTER-LIKE 1 DEFICIENCY



(SLC44A1)

COCKAYNE SYNDROME TYPE A AND TYPE B (ERCCS8, ERCC6)

CONGENITAL DISORDER OF GLYCOSYLATION, TYPE lIn (SLC39A8)

COPAN (COASY)

CRAT

CYANIDE POISONING

DNAJC19

EPHEDRONE / MANGANESE TOXICITY

ETHYLENE GLYCOL TOXICITY

FA2H ASSOCIATED NEURODEGENERATION

FUCOSIDOSIS

GANGLIOSIDOSES GM1 AND GM2

GIANT AXONAL NEUROPATHY

GLUTARIC ACIDURIA TYPE I

GTPBP2

HAEMOLYTIC URAEMIC SYNDROME

HYPERMANGANESEMIA WITH DYSTONIA 1 (SLC30A10)

HYPERMANGANESEMIA WITH DYSTONIA 2 (SLC39A14)

HYPOXIC ISCHAEMIC ENCEPHALOPATHY (TERM NEONATES)

IDIOPATHIC BASAL GANGLIA CALCIFICATION (FAHR'S DISEASE)

INFECTIOUS ENCEPHALITIS

ISOVALERIC ACIDEMIA (1VD)

JUVENILE HUNTINGTON'S DISEASE

KCNQ2



KEARNS SAYRE SYNDROME

KERNICTERUS

KRABBE DISEASE

KUFOR RAKEB SYNDROME (ATP13A2)

L-2-OH GLUTARIC ACIDURIA (L2HGDH)

LANGERHAN’S CELL HISTIOCYTOSIS

LEBER HEREDITARY OPTIC NEUROPATHY

MANGANESE TOXICITY

MAPLE SYRUP URINE DISEASE

MECR

3-METHYLGLUTACONIC ACIDURIA WITH SENSORI-NEURAL DEAFNESS |,

ENCEPHALOPATHY AND LEIGH -LIKE SYNDROME

(MEGDEL)

METACHROMATIC LEUKODYSTROPHY

METHADONE TOXICITY

METHANOL TOXICITY

METHYLMALONIC ACIDEMIA

MITOCHONDRIAL COMPLEX 1 DEFICIENCY

MITOCHONDRIAL COMPLEX IV DEFICIENCY

MITOCHONDRIAL COMPLEX V DEFICIENCY

MITOCHONDRIAL MAINTAINENCE

MITOCHONDRIAL MEMBRANE PROTEIN

NEURODEGENERATION

ASSOCIATED

MITOCHONDRIAL THIAMINE TRANSPORTER

MITOCHONDRIAL TRANSLATION



MUCOLIPIDOSIS TYPE IV

MYELINOLYSIS

NEUROFERRITINOPATHY

NUP62

PANTOTHENATE KINASE ASSOCIATED NEURODEGENERATION

PDESB

PDE10A

PLA2G6 ASSOCIATED NEURODEGENERATION

PRKRA

PROPIONIC ACIDEMIA

PYRUVATE DEHYDROGENASE COMPLEX DEFICIENCY

RAB39B

REPS1

SCP2

SQSTM1

SUCCINIC SEMIALDEHYDE DEHYDROGENASE DEFICIENCY

SULFITE OXIDASE AND MOLYBDENUM COFACTOR DEFICIENCY

THIAMINE RESPONSIVE BASAL GANGLIA DISEASE

TUBB4A

UFM1

VAC14

VIGABATRIN TOXICITY

VPS13A

VPS13D



WILSON'S DISEASE

WOODHOUSE SAKATI SYNDROME

Supplementary table 2. Definitions used for including patients in various diagnostic categories
for BG MRI study

Group

Diagnostic Category

Definition for inclusion in the study#

Inflammation

ADEM

Patients who fulfilled criteria by Krupp et al.
(Krupp et al., 2007)

ANE

“The specific neurologic presentation with
bilateral symmetric thalamic, midbrain, and/or
hindbrain lesions within days following acute viral
illness caused by influenza A, influenza B,
parainfluenza 11, human herpesvirus 6 (HHV6),
coxsackie virus, or an enterovirus”(Neilson, 2014)

BGE

Presentation with acute encephalopathy, akinesia
or dystonia, inflammatory findings on CSF## and
the presence of anti-D2R antibodies and/or
bilateral basal ganglia abnormalities on MRI(Dale
etal., 2012)

Infectious encephalitis

Patients who fulfilled criteria by Granerod et
al.(Granerod et al., 2010) and had probable or
confirmed encephalitis associated with an
identified viral/bacterial agent

Injury

Hypoxic ischemic
encephalopathy

Patients with a history of neonatal encephalopathy
fulfilling American College of Obstetricians and
Gynecologists' Task Force criteria for hypoxic
ischaemic encephalopathy(Pediatrics, 2014)

Kernicterus (Bilirubin toxicity)

Patients with a history of documented
hyperbilirubinemia in the neonatal period
associated with encephalopathy

Osmotic myelinolysis

Patients with acutely evolving corticospinal and
bulbar dysfunction associated with=electrolyte
disturbances or rapid correction

Vigabatrin toxicity

Acute encephalopathy associated with initiation of
Vigabatrin in the preceding week(Wheless et al.,
2009)

Genetic —
NBIA and
NBIA-like
disorders

BPAN

Patients with mutations in WDR45 and a clinical
syndrome  with  movement disorder and
epilepsy(Saitsu et al., 2013)



Group Diagnostic Category Definition for inclusion in the study#
Patients with mutations in FUCAL or abnormally
Fucosidosis low alpha-L-fucosidase activity in fibroblasts
(OMIM #230000)
MPAN Patients with mutations in C190rf12(OMIM
#614298) (Hartig et al., 2013)
Patients with mutations in PANK2 (OMIM #
PKAN 234200)
Patients with mutations In PLA2G6 (OMIM #
PLAN 256600)
Manganese transport- Patients with mutations in SLC30A10 (OMIM
SLC30A10 #613280)
Manganese transport- Patients with mutations in SLC39A14 (OMIM
SLC39A14 #608736)
Wilson disease Patients with mutations in ATP7B and supportive
copper studies (OMIM #277900)
Genetic - Patients with mutations in ADARL (OMIM
Other ADAR1
. #615010)
disorders
Patients with diagnostic number of CAG
Huntington’s disease trinucleotide repeat expansion in the Huntingtin
gene (OMIM #143100)
Hypomyelination with atrophy Patients with mutations in TUBB4A (OMIM
of the basal ganglia #602662)
(TUBB4A)
Progressive external ophthalmoplegia (PEO) and
. retinal dystrophy with onset before the age of 20,
Metabolic — . o ;
Mitochondrial Kearns Sayre Syndrome and in addlthn at least one of the following
disorders features: cardiac conduction defect, cerebellar

dysfunction or elevated protein in CSF (>1
g/l)(Sofou et al., 2013)

MEGDEL

Patients with mutations in SERAC1 (OMIM
#614739)

PDHC

Patients with elevated blood and/or CSF lactate
and pyruvate levels and mutations in one of the
genes known to cause PDHC deficiency (See table
2.2 below)

SLC19A3 (Biotin-Thiamine
responsive basal ganglia

disease)

Patients with mutations in SLC19A3 (OMIM
#607483)



Group

Diagnostic Category

Definition for inclusion in the study#

Complex I deficiency

Patients with deficiency of mitochondrial complex
I enzyme activity on muscle and or liver biopsy or
demonstrated pathogenic mutation in one of the
genes known to cause Complex | deficiency (See
table 2.2 below)

Complex IV deficiency

Patients with deficiency of mitochondrial complex
IV enzyme activity on muscle and or liver biopsy
mutation in one of the genes known to cause
Complex IV deficiency (See table 2.2 below)

Complex V deficiency

Patients with deficiency of mitochondrial complex
V enzyme activity on muscle and or liver biopsy
mutation in one of the genes known to cause
Complex | deficiency (See table 2.2 below)

Mitochondrial translation
disorder

Patients with mutations in one of the genes know
to cause a mitochondrial translation disorder (See
table 2.2 below)

Metabolic —
Non
mitochondrial

Cockayne syndrome type B

Patients with mutations in ERCC8 (OMIM
#133540)

Glutaric Aciduria type 1

Patients with confirmed deficiency of glutaryl-
CoA dehydrogenase in fibroblasts or leucocytes
and/or mutations in GCDH (OMIM #231670)

Gangliosidoses

Patients with confirmed deficiency of beta
galactosidase in fibroblast/leucocytes and/or
mutations in GLB1 (GM1 gangliosidosis) (OMIM
#611458)

Patients with confirmed deficiency of beta-
hexosaminidase A in fibroblast/leucocytes and/or
mutations in HEXA (Tay Sachs disease) (OMIM
#606869)

Patients with confirmed deficiency of beta-
hexosaminidase B in fibroblast/leucocytes and/or
mutations in HEXB (Sandhoff disease) (OMIM
#606873)

Krabbe disease

Patients  with  confirmed  deficiency  of
galactocerebrosidase  in  fibroblast/leucocytes
and/or mutations in GALC (OMIM #606890)

Methylmalonic acidemia

Patients with isolated methylmalonic aciduria in
urine and mutations in one of the genes known to
cause methylmalonic acidemia (MUT, MMAA,
MMAB, MCEE, MMADHC)(Manoli et al., 2016)



Group Diagnostic Category Definition for inclusion in the study#

Propionic acidemia Patients with confirmed deficiency of propionyl-
CoA carboxylase in fibroblasts/leucocytes and/or
mutations in PCCA or PCCB(Baumgartner et al.,

2014)
SSADH Patients with confirmed deficiency of succinic
semialdehyde dehyrdogenase in

fibroblasts/leucocytes  and/or  mutations in
ALDH5AL (OMIM #610045)

Abbreviations: BG — Basal ganglia, BPAN — beta propeller protein-associated neurogeneration,
CoPAN-COASY protein-associated neurodegeneration, FAHN — Fatty acid hydroxylase—associated
neurodegeneration, MPAN — Mitochondrial protein-associated neurodegeneration, NBIA —
Neurodegeneration with brain iron accumulation, PKAN — Pantothenate kinase associated
neurodegeneration, PLAN — PLA2G6 associated neurodegeneration, MRl — Magnetic resonance
imaging MEGDEL - 3-methylglutaconic aciduria with sensori-neural deafness, encephalopathy, and
Leigh-like syndrome, PDHC — pyruvate dehydrogenase complex deficiency, SSADH - Succinic
semialdehyde dehydrogenase deficiency.

Supplementary Table 2.1 -Genes associated with selected mitochondrial biochemical subgroups
used for definitions

Biochemical deficiency Genotypic association

Pyruvate dehydrogenase complex deficiency Primary - DLAT, DLD, MPC1, PC, PDHAL,
PDHB, PDHX, PDK3, PDP1, PDPR

Secondary -LIPT1, LIAS, TPK1, SLC19A3,
SLC25A19

Complex | subunits and assembly factors NDUFAL, NDUFA2, NDUFA6, NDUFA9,
NDUFA10, NDUFA11, NDUFA12, NDUFA13
NDUFB3, NDUFB8, NDUFB9, NDUFB10,
NDUFB11, NDUFS1, NDUFS2, NDUFS3,
NDUFS4, NDUFS6, NDUFS7, NDUFS8,
NDUFV1, NDUFV2, NDUFAF1, NDUFAF2,
NDUFAF3, NDUFAF4, NDUFAF5,
NDUFAF6, NDUFAF7, NDUFAF8, ACAD9,
ECSIT, FOXRED1, NUBPL, TIMMDCL1,
TMEM126B, MT-ND1, MT-ND2, MT-ND3,
MT-ND4, MT-NDA4L, MT-ND5, MT-ND6

Complex IV subunits and associated factors COX4l1, COX412, COX5A, COX6AL,
COX6B1, COX7B, COX8A, NDUFA4, SURF1,
SCO1, SCO2, COX10, COX15, COA3, COA5,
COAB6, COA7, COX14, COX20, FASTKD?2,
PET100, PET117, CEP89, MT-CO1, MT-CO?2,
MT-CO3

Complex V subunits and associated factors ATP5A1, ATP5D, ATP5E, ATPAF2, TMEMTO,



USMGS5, MT-ATP6, MT-ATP8

Mitochondrial translation MT-TA, MT-TC, MT-TD, MT-TD, MT-TE, MT-
(IRNA) TF, MT-TG, MT-TH, MT-TI, MT-TK, MT-TL1,

MT-TL2, MT-TM, MT-TN, MT-TP, MT-TQ,
MT-TR, MT-TS, MT-TT, MT-TV, MT-TW, MT-
TY

Mitochondrial translation AARS2, CARS2, DARS, DARS2, EARS2,
FARS2, GARS, HARS2, IARS, IARS2, KARS,
LARS, LARS2, MARS2, NARS2, PARS2,
QARS, RARS2, SARS2, TARS2, VARS2,
WARS2, YARS2

(aminoacyl-tRNA synthetases)

Mitochondrial DNA maintainence FBXL4, POL-G, SUCLA2, SUCLG1

Maintenance of mtDNA is under the control of
many nuclear genes including those involved in
mtDNA replication (POLG, PEO1) and dNTP
synthesis (POLG, PEO1, DGUOK, TK2, TP,
RRM2B, SUCLA2, SUCLG1)

Other mitochondrial SERAC1, HIBCH*, ECHS1*, BTD

# For a more comprehensive list see Lake et al. 2016; Rahman et al. 2018

*Can lead to combined oxidative phosphorylation +/- PDHC deficiency.
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Supplementary Table 2.2 —Genes associated with mitochondrial biochemical subgroups and

methylmalonic acidaemia for patients included in this study



Biochemical grouping Gene association n
NDUFS4 2/5
MT-ND1 1/5
Complex | deficiency
MT-ND5 1/5
unknown 1/5
MT-CO1 1
Complex IV deficiency MT-CO2 1
SURF1 2
MT-ATP6 5/8
Complex V deficiency
unknown 3/8
Mitochondrial translation MT-TL1 1/1
PDHA1 2/6
Pyruvate dehydrogenase | PDHX 2/6
complex deficiency ECHS1* 1/6
unknown 1/6
MMAA 2/6
MMAB 1/6
Methylmalonic acidaemia
TCN2 1/6
MMACHC 2/6

*ECHSL1 does not primarily cause pyruvate dehydrogenase complex deficiency. This is sometimes
seen as a secondary effect, that maybe combined with other markers of oxidative phosphorylation
deficiency in many patients. This patient had isolated and marked pyruvate dehydrogenase complex

deficiency on tissue enzymatic analysis



Supplementary table 3. MRI Rating Proforma

Patient Code DOB Date of Scan/Age 15/3T Scan No. GA Diagnosis Onset
DEEP GREY MATTER MRI CHANGES:
GROSS APPEARANCE T2/FLAIR[] DWIL] T2*[] T1[] POST GADL |

Hypop | Cystic | Swelli | Hyper Hypo Symmet | Bo Restrict | Symmet | Hypointen | Symmet | Hyper Hypo Symmet | Enhanci | Symm
lasia/ ng intense intense | ry(S/A) | hypoint | ed ry(S/A) | se ry (S/A) | intense intense | ry(S/A) | ng etr
Atroph ense (S/IA)
y

Caudate h/b/t

Putamen

ant/post

GP (int/ext)

SN

STN

Thalamus

o Dorsolat
o Ventromed




Functional pathways

& ats @
O uztn'fH:L@
Y
& ity O
O i

Comments

EXTRA STRIATAL MRI CHANGES:

GROSS APPEARANCE T2/FLAIRL] DwiIL] T2+ Ti] POST GAD[]
Hypopla | Cystic Swellin | Hyper | Hypo Symm | Hyper | Hypo Symm | Hypo Symmet | Bo Restrict | Symme | Enhancin | Symmetr
sia/ g intense | intense | et intense | intense | et intense r (S/IA) hypo ed tr(S/A) | g (S/IA)
Atrophy (S/A) (S/A)

GM

o Frontal
o Parietal
o Temporal




o Occipital
o Global

WM

o Periventricular
o Subcortical

o Paraventricular
o int caps

o Ext caps

Midline structure

o Callosum
o Fornix A/P
o Commissure A/P
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Supplementary figure 1a: Inter rater reliability (IRR) depicted by Fleiss” Kappa values between two blinded raters who independently analysed a
random sample of 30 complete anonymised MRI datasets. Mean Kappa is depicted by the dotted line = 0.8376 (almost perfect(Landis and Koch,
1977)). The box and whiskers plots represent mean kappa for each brain region rated and the whiskers represent 95% confidence intervals. The

lowest kappa value was for the substantia nigra (SN, K=0.5588, moderate)
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Supplementary figure 1b: Inter rater reliability (IRR) depicted by Fleiss” Kappa values between three raters (2 blinded raters who independently

analysed a random sample of 30 complete anonymised MRI datasets) and rating done by me and Kling Chong for same MRI datasets. Mean Kappa is



depicted by the dotted line = 0.8671 (almost perfect(Landis and Koch, 1977)). The box and whiskers plots represent mean kappa for each brain

region rated and the whiskers represent 95% confidence intervals. The lowest kappa value was for the substantia nigra (SN, K=0.5799, moderate)



Supplementary section 1: Cluster analysis

A spreadsheet was generated based on MRI abnormalities of any kind seen in different
anatomical regions as well as MRI datasets showing abnormalities. Data for each patient was
maintained in a separate row and diagnostic categories were retained against each patient’s
data. Columns were labelled as follows for any MRI changes noted in the respective brain
regions - Caudate, Putamen, GP, StriatumOnly (where the striatal nuclei were the only basal
ganglia nuclei showing any abnormality; other brain regions could be abnormal), GPonly
(where the GP were the only basal ganglia nuclei showing any abnormality; other brain
regions could be abnormal), SN and STN. Further columns were coded to represent any
abnormalities, including atrophy or hypoplasia without signal change in the Thalamus, GM,
WM, Pituitary, cc (corpus callosum), Cerebellum, MB, Pons, Medulla, Hypothalamus.
Hypomyelination was coded as separate column (immature myelination and hypomyelination
were combined to represent abnormal scoring in either column). The last four columns
represented abnormalities noted on datasets - T1Hyper (hyperintensity on T1W imaging in
any brain region), bgtlbright (hyperintensity on T1W imaging in any basal ganglia nucleus),
nonBGtlbright (hyperintensity on T1W imaging in any non-basal ganglia region), Suscept
(abnormal hypointensity noted on any sequence capturing susceptibility — eg. SWI, SWAN,
T2*; Diffusion BO images were used in some scans where specific susceptibility datasets
were not available) and DiffRest (diffusion restriction). These made up 23 columns
representing MRI features derived from the raw coding done as part of the study. As 149/201
(74%) patients had T2W hyperintensities noted in the basal ganglia and other brain regions,

T2W hyperintensity was not included as one of the MRI features to generate clusters.

As described in the methods, ten different algorithms — Euclidean ward, Euclidean average,

Euclidean complete, Euclidean weighted, Euclidean gaverage, Manhattan ward, Manhattan



average, Manhattan complete, Manhattan weighted and Manhattan gaverage were used to
generate from 2 to 8 clusters.

Using the R package ( https://www.jstatsoft.org/article/view/v061i06) the best number of

clusters was determined to be 4.

Optimal number of clusters — k = 4
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Supplementary figure 2. Bar plot showing frequency of cluster validity indices’ agreement

for optimal number of clusters

Supplementary section 2: Algorithm generation

The algorithm was developed around the features that generated 4 clusters using the
Euclidean average methodology. MRI features were first compared using chi-square tests
using SPSS v20.0.0. in the 4 cluster Euclidean average cluster plots. The main MRI features
differentiating the clusters were striatal MRI abnormalities -mainly T2W

hyperintensity(Cluster 1), GP T2W hyperintensity, mainly involving only the GP and not the


https://www.jstatsoft.org/article/view/v061i06

striatum (Cluster 2), susceptibility in the GP, sometimes with hypomyelination and thalamic
T2W hypointensities (Cluster 2), GP T2W hyperintensity and diffusion restriction with
brainstem, cerebellum abnormalities (Cluster 3) and diffuse T1W hyperintensities in the basal
ganglia (Cluster 4). Thus, the entire cohort clustered into separate clusters based on either the
anatomical distribution of abnormalities on MRI in different brain regions or based on the
pattern of abnormalities — eg. T1W hyperintensity or Susceptibility. The cluster of patients
with TIW hyperintensity clustered separately across various cluster plots and was retained as
one of the branches in the first step of the algorithm. The remainder of the cohort could have
other patterns of changes — T2W hyper or hypointensity, Susceptibility or diffusion
restriction. In clinical practice MRI datasets are usually reviewed in continuation, for
example, first all regions of the brain are reviewed on a T2W dataset, then Diffusion and so
on. Hence, susceptibility changes were moved to align with TIW hyperintensity and T2W
hyperintensity as the first branch points in the algorithm, even though, in cluster analysis they
grouped together with T2W hyperintensity in the GP in cluster 2. Overlapping changes on
different MRI datasets (Eg. T1W hyperintensity and susceptibility) were seen in some
patients but did not lead to separate clustering. These branches were added to the algorithm
and are discussed in the results but do not form major end points of the algorithm. The major
end points of the algorithm were determined based on the cluster analysis and further features
identified in literature review. Most of these major end points were labelled with a capital
alphabet (A,B, C. etc) to correspond to diagnostic categories listed under the same
alphabetical group in Table 2. Diagnostic categories corresponding to some of the end points

are described in the discussion and the reader is guided to the relevant section heading.



Supplementary section 3: Development of a decision-making application.

Literature review

A literature review was undertaken in Medline and EMBASE to identify conditions reported
with bilateral basal ganglia MRI abnormalities. This was repeated to look for description of
new disorders and new reports of bilateral basal ganglia abnormalities in established
disorders and updated to include publications with available full text till 31t December, 2019.
Scoring

The presence or absence of 30 discrete MRI abnormalities was categorized for each of the 34
differential diagnoses included in the study as follows — “Always present” (abnormality seen
in all included patients), “mostly present” (abnormality seen in >80% included patients),
“present” (abnormality seen in some but <80% of included patient), “always absent”
(abnormality not seen in any included patient). Data from literature review of diagnostic
categories in this study was incorporated into the categorization. If a region or dataset was
reported to show abnormalities in any included diagnostic category in a previous published
report but not scored as abnormal in this study, the respective categorization was changed
from “always absent” to “present”. T2W hyperintensities in the basal ganglia or other brain
regions were not listed separately but included in categorization of different brain regions as
being normal or abnormal. Subsequently, other diagnostic categories (Supplementary table 1)
from literature review, not included in this study were also incorporated into the database
with each region/dataset reported to show abnormalities categorized as “mostly present” or
“always absent”. A category of “always present” was never assigned to diagnoses obtained
from the literature due to the potential associated bias. The resulting categorization was used
to build a standalone application using FileMaker Pro 16 Advanced™ (FileMaker, Inc),

(downloadable from http://www.kidsneuroscience.org.au/resources-epilepsy as an iOS, PC or

MacOS runtime solution). Instructions on use of this application are provided in the


http://www.kidsneuroscience.org.au/resources-epilepsy

appendices and with the application download. A clinical summary (see below) was
incorporated in the application to provide context for decision making in each category.
Example images were incorporated in the application for various diagnostic categories
included in the study and reference links to some key papers were added for other diagnostic
categories from literature review to direct readers to typical imaging examples. This pilot
decision making application is based on results from this study and literature review and
requires validation and should not be used for clinical decision making.

Filemaker application

INSTRUCTIONS ON USE OF THE FILEMAKER APPLICATION —

The user selects if specific MRI findings are present, absent or not assessed for any given
patient scan and this data is compared to the coded categories for each diagnosis: If a
particular MRI finding is present, but is “always absent” from a particular condition, then this
potential diagnosis is excluded from the final list. Similarly, if an MRI finding is absent but
should be “always present”, then it is also excluded from the final differential list. The
presence or absence of patient MRI findings are subsequently scored as summarized in table
XX and this is repeated for each of the 30 MRI criteria. The accumulated score is used to
rank the refined list of differential diagnoses in order of likelihood

Supplementary table 4: Scoring matrix for MRI criteria

Example of diagnostic

criteria for a specific MRI

Resulting score if features

are present on patient MRI

Resulting score if features

are absent from patient

variable MRI

Always present 4 Diagnosis excluded
Mostly present 3 2

Present 2 3

Always absent Diagnosis excluded 4




Clinical summary of conditions included in this study (Table 6) and those included after

literature review in the decision making application (References which are the latest update

for clinical summary of the condition and those which include good example images of MRI

abnormalities involving the basal ganglia in these conditions — Table 7 — are included after

each disorder and all references reviewed to update the scoring are included in the table

below)

Supplementary table 5: Clinical summaries of diagnostic categories with bilateral basal

ganglia abnormalities. Example images are included from the study cohort, where

available. Both the summaries and images are also part of the electronic decision

making application that is available for download.

Diagnostic category

(MIM)

Clinical description

3-HMG-COA LYASE

DEFICIENCY

Most patients are symptomatic with metabolic crises consisting of
non-ketotic hypoglycemia and hyperammonemia in the first year of
life. Diagnostic clues can be obtained by urine organic acid testing.
Many reports highlight the presence of multifocal areas of white
matter T2W hyperintensity superimposed on more diffuse white
matter and thalamic T2W hyperintensity. Some MRI changes in the
white matter can revert with treatment. In some patients pallidal
T2W hyperintensities are reported in some patients, with milder
T2W hyperintensities in the striatum in fewer patients. In patients
diagnosed late/those with previous crises, some imaging changes
such as occipital grey matter T2W hyperintensities or atrophy can

be due to episodes of characteristic non-ketotic hypoglycemia.




Autosomal recessive inheritance. Gene: HMGCL

2-METHYL-3-

HYDROXYBUTYRY

L-COA

DEHYDROGENASE

DEFICIENCY

An X-linked defect of isoleucine degradation. Infantile-onset
progressive disorder with retinopathy, cardiomyopathy and
neurological manifestations such as intellectual disability, seizures
and dystonia and chorea. Metabolic crisis with hypoglycaemia and
elevated lactic acid in some patients. Tiglylglycine and 2-methyl-3-
hydroxybutyrate are elevated in urine. T2W hyperintensities are
reported in the putamen and grey matter along with cortical grey
matter atrophy. Occipital grey matter T2W hyperintensities or
atrophy can be due to episodes of characteristic non-ketotic

hypoglycemia. X-linked recessive inheritance. Gene: HADH2

ACERULOPLASMIN

EMIA

Triad of neurological symptoms, retinal degeneration and diabetes
mellitus. Clinical onset usually in adulthood. Neurological
symptoms - ataxia, cranio-facial dyskinesias (torticollis,
blepharospasm, facial grimacing and tongue dystonia),
parkinsonism and dysarthria. Lab tests show extremely low or
undetectable serum ceruloplasmin, elevated ferritin, low iron, and
low serum copper but normal urinary copper. Susceptibility is
noted in the striatum, globus pallidus, thalami, dentate nuclei. White
matter T2W hyperintensity can be prominent. One of the few NBIA
disorders where striatal susceptibility is commonly seen in addition
to other regions of susceptibility Autosomal recessive inheritance.

Gene: CP

ACUTE

DISSEMINATED

The syndrome is defined when an altered conscious state is noted

with brain and spine MRI findings of demyelination noticeably in




ENCEPHALOMYELI

TIS

the subcortical white matter. Basal ganglia abnormalities limited
mainly to striatal T2-hyperintensities without diffusion restriction
are reported in some patients (Figure 1) and these may have an

asymmetric and somewhat tumefactive appearance in cases of anti-

MOG antibody associated demyelination (Figure 2).

ACUTE

NECROTIZING

ENCEPHALOPATH

Y

This is an acute encephalopathy syndrome that manifests with
bilateral symmetric thalamic, midbrain, and/or hindbrain
abnormalties — T2 weighted hyperintensity and thalamic swelling
(Figure 1). Varying diffusion restriction of involved structures may
be seen in the acute stages (Figure 2). Patients present within days
following acute viral illness caused by influenza A, influenza B,
parainfluenza 11, human herpesvirus 6 (HHV6), coxsackie virus, or
an enterovirus. Some families may carry a dominantly inherited
mutation in the gene that may predispose individuals to recurrences.
Liver dysfunction and coagulopathy can be noted with the acute
presentation. Autosomal dominant inheritance of vulnerability

Gene: RANBP2




AFG3L2

Young adult-onset of cerebellar ataxia with nystagmus, progressive
ophthalmoparesis and ptosis mimicking mitochondrial disease. MRI
shows cerebellar atrophy prominently in the superior vermis.
Homozygous mutations cause a severe phenotype, with infantile-
onset epileptic encephalopathy, progressive microcephaly, increased
lactate and early death. In these cases, MRI shows generalised
atrophy with bilateral symmetrical T2W hyperintensities in the
putamina. Progressive myoclonic epilepsy, dystonia, spasticity with
neuropathy, ptosis and ataxia have been reported in homozygous

mutations. Autosomal dominant inheritance. Gene: AFG3L2

ADAR1

Clinical presentations range from spastic paraparesis to episodic
stagnation or regression of motor development. A high neopterin
on cerebrospinal fluid and a typical signature on analysis of
interferon-stimulated genes can help in diagnosis. On MRI
symmetric and bilateral striatal T2W hyperintensities can be seen
(Figure 1), sometimes with regions of partial sparing similar to
mitochondrial disorders. The involved basal ganglia nuclei may

demonstrate swelling in the acute stage, followed by atrophy with




time (Figure 2). T1W hyperintensity or susceptibility in the
putamen and pallidum can be noted in some cases, possibly
representing regions of calcification. Susceptibility in the globus
pallidus can appear symmetric and homogenous similar to other
disorders with brain iron deposition. Other MRI changes described
include T2W hyperintensity in the deep white matter (Figure 1)

with global cortical atrophy (Figure 2). Autosomal dominant or

recessive inheritance. Gene: ADAR1

ALEXANDER

DISEASE

Presentation with seizures, severe motor delay and regression,
intellectual disability and megalencephaly. Usual onset in infancy
though juvenile and adult-onset forms are described. Progressive
white matter T2W hyperintensities are common findings on MRI.
Optic chiasm hyperintensities and swelling are described in some
patients. Contrast enhancement and T2W hyperintensities in the
striatum and pallidum, white matter, thalamus, dentate or brainstem
can be seen. Hydrocephalus with aqueductal stenosis can develop.

Autosomal dominant inheritance. Gene: GFAP

ALPHA

Mild to severe manifestations, from infancy to childhood-onset.




MANNOSIDOSIS

Intellectual  disability, myopathy, coarse facial features,
macrocephaly, prominent forehead, dysostosis multiplex, hearing
loss, hepatosplenomegaly and frequent infections. Ataxia is the
most frequent neurological manifestation. Elevated urinary
excretion of mannose-rich oligosaccharides. MRI shows empty sella
turcica, cerebellar atrophy, and white matter T2W hyperitensities.
Susceptibility can be seen in globus pallidus, putamen, susbtantia
nigra and thalamus and hypomyelination is often noted. Autosomal

recessive inheritance. Gene: MAN2B1

AP4 deficiency

Clinical phenotype of complex spastic paraparesis, intellectual
disability, facial dysmorphism, microcephaly, optic atrophy and
short stature. Cortical and white matter atrophy with thinning of the
corpus callosum have been reported in most cases. Recent reports
have described some individuals with susceptibility in the globus
pallidus leading to the suggestion of brain iron accumulation.

Autosomal recessive inheritance. Genes: AP4E1, AP4M1, AP4S1

ASPARTYLGLUCOS

AMINURIA

At birth children with aspartylglucosaminuria are usually healthy
with normal birth measurements. An early growth spurt and
development of macrocephaly followed by delayed speech
development, physical clumsiness and exceptional placidity or
periods of hyperactivity in childhood usually raises a suspicion of
aspartylglucosaminuria. Biochemical diagnosis is based on urinary
oligosaccharides and assay of glycosylasparaginase activity. MRI
shows T2W hypointensities in the thalamus and pallidum, corpus

callosum atrophy and increased periventricular with matter T2W




hyperintensities. Susceptibility may be noted in the striatum.

Autosomal recessive inheritance. Gene: AGA

AUTOIMMUNE

BASAL GANGLIA

ENCEPHALITIS

A presentation with acquired extrapyramidal movement disorder
with basal ganglia lesions in the context of new-onset
encephalopathy in children and adults. Antibodies to the dopamine
2 receptor can be an associated biomarker. Dystonia-parkinsonism
is the dominant movement phenotype and resolution occurs over
weeks-months aided by immune therapy. Bilateral, near symmetric
striatal T2--hyperintensities on MRI is the hallmark (Figure 1).
Diffusion restriction and involvement of the globus pallidus or
brainstem is rare. The cortical grey matter shows signal change,
while white matter abnormalities are rare. Untreated cases can show

progressive striatal atrophy making this a differential for "striatal

necrosis™ (Figure 2)

BETA

KETOTHIOLASE

DEFICIENCY

Impaired isoleucine catabolism and ketone body utilization that
predisposes to episodic ketoacidosis. Infantile to childhood-onset of
acute ketoacidosis and "metabolic stroke." Patients may develop

choreoathethosis after these episodes. Urinary excretion of the




isoleucine catabolic intermediates 2-methyl-3-hydroxybutyrate, 2-
methylacetoacetate, and tiglylglycine. MRI demonstrates T2W
hyperintensities of bilateral putamina or globus pallidi Autosomal

recessive inheritance. Gene: ACAT1

BETA PROPELLER

PROTEIN

ASSOCIATED

NEURODEGENERA

TION

A disorder of early childhood epilepsy with intellectual disability,
Rett syndrome like features and evolving movement disorders,
initially labeled as "static encephalopathy of childhood with
neurodegeneration in adulthood,” is also referred to as beta-
propeller protein-associated neurodegeneration (BPAN). The MRI
may appear normal in the first decade of life or show T1W
hyperintensities around the SN (Figure 1). The pallidum (Figure 2),
SN (Figure 2) and STN show susceptibility. Immature myelination
and cerebellar atrophy can be seen in some cases. Calcification in

the pallidum is described on CT in some cases. X-linked dominant

inheritance. Gene: WDR45

CANAVAN

DISEASE

Mutations cause aspartoacylase deficiency, the enzyme that
hydrolyzes N-acetylaspartic acid to acetate and aspartate. Normal

milestones after birth, followed by progressive macrocephaly, head




lag, and developmental delay. Infants often develop irritability,
sleep disturbance, seizures and feeding difficulties. Patients
progress to spastic quadriparesis. Mild forms of the disease are
characterised with speech problems and seizures. Elevated N-
acetylaspartic acid in urine and on MR spectroscopy. MRI shows
symmetric diffuse T2W hyperintensities with bilateral involvement
of the globus pallidus and thalamus in some cases and progressive
white matter T2W hyperintensities. Striatal T2W hyperintensities
are uncommon but described in some cases. Autosomal recessive

inheritance. Gene: ASPA

CARASAL

Cathepsin  A-related  arteriopathy ~ with  strokes  and
leukoencephalopathy (CARASAL). Rare form of familial
leukodystrophy. Common clinical manifestations include migraine,
ischemic and haemorrhagic stroke, cognitive decline and dementia,
movement disorder, dysphagia, dysarthria, vertigo and treatment
resistant hypertension. MRI brain shows T2W hyperintensity of
supratentorial white matter, striatum, pallidum, thalamus, midbrain,

pons and medulla. Autosomal recessive inheritance. Gene: CTSA

CARBON

MONOXIDE

POISONING

Acute symptoms include headache, dizziness, vomiting, chest pain
and confusion. More pronounced exposure manifests with coma,
seizures or death. Patients may develop dystonia as a conseqguence
of basal ganglia injury. T2W hyperintensity is noted in the
pallidum but can involve the caudate and putamen. Patchy T1-
hyperintensities and susceptibility due to haemorrhage may

sometimes be seen. Diffusion restriction in the basal ganglia can be




seen acutely.

CERBROTENDINOU

S

XANTHOMATOSIS

Treatable disorder of lipid metabolism. Infantile or juvenile
cataracts, tendon xanthomas, pyramidal signs, neuropathy and
cognitive decline. Parkinsonism is seen in adulthood, along with
other classical manifestations. Elevated cholestenol in serum. MRI
shows T2W white matter abnormalities in the cerebellum and
middle cerebellar peduncles, with calcification of the dentate nuclei.
T2W hyperintensities may be noted in the pallidum and the

substantia nigra. Autosomal recessive inheritance. Gene: CTX

CEREBRAL
CREATINE
DEFICIENCY

SYNDROMES 1, 2, 3

Cerebral creatine deficiency syndrome are potentially treatable
conditions. In GAMT deficiency patients present in infancy with
intellectual disability, abnormal behaviour and seizures. Some may
have chorea, dystonia or ataxia. Presentations in adolescence have
been reported. Patients with AGAT deficiency present with
hypotonia and intellectual disability. Some may develop seizures.
CRTR deficiency is an X-linked recessive disorder, where males
present in infancy with several degrees of intellectual disability,
speech disorders, and abnormal behaviour and seizures. Some may
develop dystonia or ataxia. Dysmorphic features may also be seen.
Age of diagnosis may range from infancy to adulthood. MRI may
show pallidal T2W hyperintensities usually later in the first decade /
second decade of life. Autosomal recessive inheritance. Genes:

SLC6A8, GAMT, AGAT

CHILDHOOD-

ONSET-DYSTONIA-

Childhood to adolescent-onset dystonia, with generalisation

affecting bulbar and craniocervical region. Progressive anarthria is




28

frequent. Intellectual disability of different degrees. MRI may show
T2W hypointensity and susceptibility in the globus pallidus.

Autosomal dominant inheritance. Gene: KMT2B

CHOLINE

TRANSPORTER-

LIKE 1 DEFICIENCY

Single case series of three families with early onset of motor and
speech delay. Progressive neurological worsening with tremor,
visual loss, bulbar dysfunction and ataxia starting in the first decade
of life. MRI changes included white matter T2W hyperintensities
and cerebellar atrophy. Some individuals showed susceptibility in
the pallidum with T2W hyperintensity of the internal medullary
lamina reminiscent of the MRI appearance in MPAN. Autosomal

recessive inheritance. Gene: SLC44A1

COCKAYNE

SYNDROME TYPE

A AND TYPE B

The phenotypic spectrum spans prenatal to later life onset and
consists of marked somatic growth restriction in the early onset
forms, which have a progressive course with deterioration of
psychomotor function and impairment of vision and hearing. MRI
changes in the basal ganglia are due to calcifications noted as TIW
hyperintensities in the striatum. Calcifications may be also noted in
the dentate, cortical grey matter, white matter and thalami. White
matter T2W hyperintensities are prominently seen. Autosomal

recessive inheritance. Gene: ERCC8, ERCC6

CONGENITAL
DISORDER OF
GLYCOSYLATION,

TYPE IIn

Childhood-onset, severe multisystemic disorder, characterised by
hypotonia, psychomotor delay, and seizures in some. Other features
may include strabismus and recurrent infections. Blood levels of
manganese and zinc are very low, whereas urine levels tended to be

high. MRI shows cerebellar atrophy in the majority and bilateral




striatal changes with a “Leigh like” presentation has been described.

Autosomal recessive inheritance. Gene: SLC39A8

COPAN

Adolescent onset of ataxic gait, dystonia, parkinsonism, progressive
spasticity, neuropathy and obsessive-compulsive behaviour.
Susceptibility is noted in the pallidum but T2W hyperintensities
may also be seen in the antero-medial pallidum corresponding to
CT hyperdensity (possibly due to calcification) and sometimes
reported in the striatum and thalamus. Autosomal recessive

inheritance. Gene: COASY

CRAT

Infantile-onset of hypotonia, progressive cerebellar ataxia,
pyramidal signs and neuropathy. Recently described disorder that
mimics other causes neurodegeneration with brain iron

accumulation. Autosomal recessive inheritance. Gene: CRAT

CYANIDE

POISONING

Caused by exposure to cyanide. Early symptoms include headache,
dizziness, tachycardia, dyspnoea and vomiting. This is followed by
seizures, hypotension, coma and cardiac arrest. Brain MRI shows
T1Whyperintensity in cortex, putamen and pallidum in the acute
phase, followed by T2W hyperintensities in the chronic phase.
Patchy susceptibility may sometimes be noted in the striatum in the

acute phase due to haemorrhage.

DNAJC19

Infantile onset global developmental delay, hypotonia, dilated
cardiomyopathy and progressive cerebellar ataxia (DCMA
syndrome). Testicular dysgenesis, growth failure, and 3-
methylglutaconic aciduria are also hallmarks of the disease. MRI

shows cerebellar atrophy. Some cases are described with transient




white matter T2W hyperintensities and some with bilateral T2W
hyperintensities in the middle and posterolateral putamen.

Autosomal recessive inheritance. Gene: DNAJC19

EPHEDRONE / | Intravenous mixture similar to methcathinone: potassium

MANGANESE permanganate, ephedrine, and aspirin in drug user. Progressive

TOXICITY parkinsonism and dystonia years after methcathinone abuse. MRI
brain shows T1W hyperintensity in the globus pallidus and in the
substantia nigra likely due to hypermanganesemia.

ETHYLENE Organic solvent, found in antifreeze and household products (paints,

GLYCOL TOXICITY

lacquers and polishes). Intoxication is characterized by coma after
ingestion and severe anion gap metabolic acidosis, osmolar gap, and
calcium oxalate crystals in the urine. MRI brain shows diffuse
oedema and bilateral symmetrical T2W hyperintensity in putamen,
thalamus, amygdala, hippocampus, and brainstem. Delayed findings
reported are putaminal necrosis. Susceptibility noted is due to
patchy haemorrhage and not uniformly dark as in disorders with

brain iron deposition.

FAHN

Normal early development followed by childhood onset spasticity,
dystonia, ataxia and later cognitive dysfunction. Some patients may
develop optic atrophy. MRI shows T2W white matter
hyperintensities and susceptibility of the globus pallidus along with
ponto-cerebellar atrophy, and thin corpus callosum Autosomal

recessive inheritance. Gene: FA2H

FUCOSIDOSIS

A lysosomal storage disease caused by the deficiency of the enzyme

L-fucosidase. Clinical onset is in early childhood with psychomotor




delay. The disorder is progressive with multisystem involvement,
organomegaly and dysostosis multiplex. Susceptibility is noted in
the globus pallidus (Figure 2) along with immaturity of myelination

on T2W/FLAIR images (Figure 2). Autosomal recessive

inheritance. Gene: FUCA1

GANGLIOSIDOSES

GM1 AND GM2

Gangliosidoses are a group of neurovisceral, sphingolipid storage
disorders. These are divided in to GM1 (beta galactosidase
deficiency) and GM2 gangliosidoses. GM2 gangliosidoses are
comprised of Tay Sachs disease (beta-hexosaminidase A deficiency,
HEXA gene) and Sandhoff disease (beta-hexosaminidase A and B
deficiency, HEXB gene, OMIM #268800). Basal ganglia changes
on neuroimaging have been described in the pallidum and striatum.
The putamen may be preferentially involved in GM1 gangliosidosis.
The changes consist of T2W hyperintensities (Figure) and atrophy
of the striatum but T1W hyperintensity with susceptibility in the
pallidum mimicking NBIA like disorders can also be noted. White
matter T2W hyperintensities and immature myelination are noted in

some cases. T2W hypointensities in the thalamus (Figure) with




corresponding T1W hyperintensity are seen in both GM1 and GM2
gangliosidosis and likely indicate normal myelination of the thalami

compared to surrounding structures. Autosomal recessive

inheritance. Genes: GLB1, HEXA, GM2A

GIANT AXONAL

NEUROPATHY

Childhood-onset with kinky hair, intellectual disability, progressive
cerebellar ataxia and axonal motor-sensory neuropathy. Seizures
and optic atrophy can be seen. Characteristic giant axons seen on
nerve biopsy. MRI may show bilateral T2W hyperintensities in the
pallidum, white matter and the dentate nuclei. Autosomal recessive

inheritance. Gene: GAN

GLUTARIC

ACIDURIATYPE I

Glutaric aciduria type 1 is an autosomal recessive disorder of lysine,
hydroxylysine, and tryptophan metabolism caused by deficiency of
glutaryl-CoA dehydrogenase. It can present with an acute
encephalopathy in early childhood or later. About 75% of affected
individuals have macrocephaly. The disorder is determined by
mutations in the GCDH gene, which is inherited in an autosomal

recessive manner. 3-OH-glutaric acid in urine and low carnitine




levels in plasma can be indicative of the diagnosis. The MRI
changes seen in patients with GAL are dependent on the time of
recognition and treatment of the disorder and vary from striatal
T2W hyperintensities (Figure 1) with swelling in the acute phase to
striatal atrophy along with fronto-temporal atrophy leading to an

“open operculum” appearance (Figure 2). Autosomal recessive

inheritance. Gene: GCDH

GTPBP2

Childhood-onset of motor and intellectual disability, with
progressive ataxia and dystonia and distal motor neuropathy.
Neuropsychiatric symptoms are also common. Only one family
reported with MRI showing cerebellar vermis atrophy and
susceptibility in the pallidum and substantia nigra. Autosomal

recessive inheritance. Gene: GTPBP2

HAEMOLYTIC

URAEMIC

SYNDROME

Central nervous system impairment may occur in diarrhoea-
associated haemolytic-uraemic syndrome. The syndrome is
characterised by acute haemolytic anaemia, thrombocytopenia, and
acute renal failure. Neurological impairment may include seizures,

confusion, or rarely hemiparesis. MRI brain may show bilateral




T2W hyperintensities in the putamen and thalamus similar to that
seen in extrapontine myelinolysis along with diffusion restriction in

the acute stage. These changes revert with metabolic stabilisation.

HYPERMANGANES

EMIA WITH

DYSTONIA 1

Genetic changes in SLC30A10 lead to a disorder of manganese
transport manifesting with polycythemia, liver dysfunction and
progressive dystonia. Onset is typically in childhood and inheritance
is autosomal recessive. Very bright TIW hyperintensities are noted
in the striatum and pallidum with obscuration of boundaries
between the basal ganglia nuclei (Figure 1). TIW hyperintensities
are also noted in the cerebellar white matter, pituitary and dentate

nuclei (Figure 1 and 2). Autosomal recessive inheritance. Gene:

SLC30A10

HYPERMANGANES

EMIA WITH

DYSTONIA 2

Genetic changes in SLC39A14 lead to a disorder of manganese
transport manifesting progressive dystonia. Onset is typically in
childhood and inheritance is autosomal recessive. Very bright TIW
hyperintensities are noted in the globus pallidus (Figures 1),
cerebellar white matter, pituitary and dentate. Striatal T1W

hyperintensities appear with disease progression over years.




Abnormal susceptibility may not be seen in most cases (Figure 2)

till later stages of disease. Autosomal recessive inheritance. Gene:

SLC39A14

HYPOXIC
ISCHAEMIC
ENCEPHALOPATH
Y (TERM

NEONATES)

Patients with a history of neonatal encephalopathy fulfilling
American College of Obstetricians and Gynecologists' Task Force
criteria for hypoxic ischemic encephalopathy, particularly around
full term gestation are known to have MRI changes that involve the
basal ganglia - a typical pattern of T2W hyperintensities in the
motor cortex and surrounding white matter (Figure 1), descending
through the posterior putamen and along the corticospinal tracts and

ventrolateral thalami (Figure 2).




IDIOPATHIC BASAL
GANGLIA
CALCIFICATION

(FAHR'S DISEASE)

Calcification in the brain can occur due to a genetic predisposition
(primary) or secondary to other processes such as inflammation or
injury. Calcium can also behave as a paramagenetic substance that
can lead to TIW hyperintensity on MRI and sometimes, but not
always demonstrate corresponding susceptibility. Basal ganglia
calcification can therefore mimic other causes of basal ganglia
susceptibility, particularly when bilateral and should be suspected
when susceptibility is noted in a patchy pattern or involves the
striatum in childhood . The monogenic disorders listed here are
commonly associated with Fahr’s disease or Idiopathic basal
ganglia calcification. Familial forms can occur. There is a broader
list of causes of basal ganglia calcification which is referred to in
the main text with references. Autosomal dominant or recessive
inheritance. Multiple genes: SLC20A2, XPR1, PDGFRB, PDGFB,

MYORG, other monogenic associations in main text

INFECTIOUS

ENCEPHALITIS

Various infectious encephalitis syndromes are known to affect the
basal ganglia. Flaviviruses and Mycoplasma pneumoniae are the

most commonly described infectious encephalitides with basal




ganglia involvement. Flaviviruses include Japanese encephalitis
(JE), West Nile virus (WNV) and Murray valley encephalitis. The
imaging findings in JE commonly demonstrate involvement of
bilateral thalami in almost all patients while basal ganglia changes
are reported in ~50%. The caudate and putamen are more
commonly involved in reports of WNV whereas basal ganglia
involvement is less commonly noted in Murray valley virus.
Haemorrhagic change may be seen in susceptibility data sets in the
acute stage or during recovery in some cases of JE. Mycoplasma -
The MRI changes described have mainly been limited to the
striatum, with a few reports showing changes additionally in the SN
or pallidum. Involvement of other structures, such as the thalamus
or the brainstem have been described in few reports. Other viral
encephalitis syndromes where basal ganglia involvement has been
described include Herpes simplex virus, Epstein Barr virus,
Cytomegalovirus,  Echoviruses, Human papilloma virus,

Lyssaviruses, Rabies virus and Human herpes virus 6.

ISOVALERIC

ACIDEMIA

Isovaleryl-CoA dehydrogenase deficiency. Onset is during infancy,
often after birth with acute neonatal encephalopathy or recurrent
episodes of vomiting, metabolic acidosis, feeding difficulty,
psychomotor retardation and "sweaty feet" odour. Isovalerylglycine
is elevated in urine and isovaleryl (C5)-carnitine elevated in serum.
MRI changes include T2W hyperintensities in the pallidum that
may revert with time. Subarachnoid and intraparenchymal

haemorrhages are also described in some patients. Pallidal T2W




hyperintensities with diffusion restriction have been described in
neonatal presentations. Other regions showing T2W hyperintensities
are the white matter and cerebellum. Autosomal recessive

inheritance. Gene: IVD

JUVENILE

HUNTINGTON'S

DISEASE

Huntington’s disease (HD) is a trinucleotide repeat disorder that can
manifest as a juvenile onset form that correlates with higher number
of trinucleotide repeats. The clinical manifestations of
predominantly akinetic and dystonic movements with psychiatric
symptoms are accompanied by MRI changes, though the MRI can
sometimes be normal or show only subtle abnormalities early in the
disease course. The MRI changes described include T2W
hyperintensities mainly in the putamen with atrophy of the caudate
and putmamen that gets progressively worse with time (Figure 1).
In addition, more global cortical atrophy is often seen in most cases.
Susceptibility can be noted in the pallidum in some cases (Figure 2).

Autosomal dominant inheritance. Expansion of CAG trinucleotide

repeats in Gene: HTT




KCNQ2

Mutations in this gene have been associated with benign familial
neonatal seizures or neonatal epileptic encephalopathy. In some
patients, seizures are controlled in childhood. Only a few reports of
T1W hyperintensities in the globus pallidus. These were noted at an
early age when transient TIW hyperintensities can be noted in
normal children (reference) and hence the significance of this
finding should be interpreted with caution. Autosomal dominant

inheritance. Gene: KCNQ2

KEARNS

SYNDROME

SAYRE

Kearns Sayre syndrome is defined by the presence of progressive
external ophthalmoplegia (PEQO) and retinal dystrophy with onset
before the age of 20, and in addition at least one of the following
features: cardiac conduction defect, cerebellar dysfunction or
elevated protein in CSF (>1 g/l). It is associated with deletions in
mitochondrial DNA. On MRI basal ganglia abnormalities are
prominently noted in the globus pallidus with T2W hyperintensities
(Figure 1) evolving to cystic changes on progression. T2W

hyperintensities can also be noted in the thalami (Figure 1) and the

dentate nuclei (Figure 2)




KERNICTERUS

The term kernicterus denotes pathological staining of structures in
the brain, followed by neuronal necrosis. The clinical phenotype is
typically a combination of dystonia, sensorineural hearing loss,
vertical gaze palsy, and dental staining in an individual with a
history of bilirubin encephalopathy, usually in the neonatal period.
The pallidum (Figures 1 and 2) and subthalamic nuclei (Figure 2)
are commonly abnormal with T2W hyperintensities while transient
T1W hyperintensities in the neonatal period are difficult to
convincingly determine as being abnormal. The dentate,
hippocampus and thalamus may show T2W hyperintensities in

SoOme cases.
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KRABBE DISEASE

A lysosomal storage disorder due to deficiency of
galactocerebrosidase. Diagnosis is based on low enzyme activity in
fibroblast/leucocytes and mutations in GALC. The MRI changes
typically consist of T2W hyperintensities in the white matter, the
corona radiata, the internal capsule, cerebellar white matter and the
dentate. Pallidal and thalamic T2W hyperintensities are less

commonly described. Thickening of the optic nerves/tracts (arrow




in Figure of midline sagittal TIW image) can be a diagnostic clue.

Autosomal recessive inheritance. Gene: GALC

KUFOR RAKEB

SYNDROME

Parkinsonism, pyramidal signs, vertical supranuclear gaze palsy,
facial-finger myoclonus are hallmarks of the disease.
Neuropsychiatric symptoms and cognitive decline are common.
Moderate levodopa response but lost with disease progression.
Generalised cortical atrophy, with or without cerebellar atrophy.
Iron deposition in the striatum and pallidum leads to the appearance
of susceptibility. Striatal and thalamic atrophy maybe noted with

time. Autosomal recessive inheritance. Gene: ATP13A2

L-2-OH GLUTARIC

ACIDURIA

Childhood onset intellectual disability, macrocephaly, progressive
cerebellar ataxia and dystonia. L-2-hydroxyglutaric acid elevated in
urine. MRI shows subcortical leukoencephalopathy, cerebellar
atrophy, and T2W hyperintensities in the putamina and dentate

nuclei. Autosomal recessive inheritance. Gene: L2HGDH

LANGERHANS

CELL

Neurological involvement in Langerhans cell histiocytosis occurs

due to an infiltrative or inflammatory process. MRI changes may




HISTIOCYTOSIS

include T2W hyperintensity of the cerebellar white matter and pons,
cerebellar atrophy and patchy T1W hyperintensity and susceptibility
in the globus, substantia nigra or the striatum. The T1W changes

and susceptibility are likely due to calcification.

LEBER

HEREDITARY

OPTIC

NEUROPATHY

Onset of painless subacute bilateral visual loss in adolescence or
early adulthood. Brain MRI is typically normal though some cases
may have a presentation and neuroimaging that may mimic multiple
sclerosis with patchy areas of T2W hyperintensities in the white
matter. Basal ganglia T2W hyperintensities are occasionally
described similar to a “Leigh like” appearance involving the
striatum, and sometimes the thalamus, hypothalamus, brainstem and
cerebellum. Enlargement and enhancement of the optic tracts,

chiasm, and optic radiations may also be seen.

MANGANESE

TOXICITY

Manganese toxicity can occur due to ephedrine ingestion, industrial
exposures in welding and mining, secondary to liver failure or use
of total parenteral nutrition Manganese exposure causes a chronic
neurological syndrome characterised by irritability, emotional
lability, parkinsonism and dystonia. High stepping gait also termed
“cock walk” is suggestive of the disorder.
Ethylenediaminetetraacetic acid can reduce symptoms in some
patients. MRI brain shows T1W hyperintensities in pallidum,

substantia nigra and anterior pituitary.

MAPLE SYRUP

URINE DISEASE

Characterised by elevated plasma concentrations of branched-chain
amino acids (leucine, isoleucine, and valine) and allo-isoleucine. At

birth neonates have a maple syrup odour in the cerumen. At day 2-




3, irritability, poor feeding and ketonuria. At day 4-5
encephalopathy, intermittent apnoea, opisthotonus with fencing and
bicycling postures. After one week of birth, coma and central
respiratory failure is seen. Intermediate phenotype have
partial branched-chain  a-keto acid dehydrogenase enzyme
deficiency that manifests as severe intermittent metabolic
encephalopathy. Survivors have neurological sequels intellectual
disability, mood disorders, hallucinations, dystonia, chorea, ataxia
and pyramidal signs. MRI brain during the encephalopathy episodes
show generalised swelling and bilateral T2W hyperintensities in
putamen, pallidum, brainstem and hippocampus. Autosomal

recessive inheritance. Genes: DBT, BCKDHB, BCKDHA

MECR

Infantile or childhood-onset progressive generalised dystonia with
later appearance of optic atrophy. Relative sparing of cognitive
function. MRI shows bilateral T2W hyperintensity in either caudate,
putamen, or pallidum. High lactate on MRS in some cases.

Autosomal recessive inheritance. Gene: MECR

MEGDEL

3-methylglutaconic  aciduria  with  sensori-neural  deafness,
encephalopathy, and Leigh-like syndrome (MEGDEL) is a
syndrome of progressive psychomotor regression and deafness with
dystonia. Initial changes noted are swelling of the caudate and
putamen with evolution to a typical pattern of sparing of regions of
the putamen (Figure 1). Involvement of the SN and the adjacent red
nucleus is described in some cases. T2W hyperintensities are noted

in the affected regions. In early stages of the disease, diffusion




restriction has been described to involve the pallidum. Striatal
atrophy (Figure 2) with diffuse cerebellar and cerebral atrophy

(Figure 2) are described to occur in most patients with disease

progression Autosomal recessive inheritance. Gene: SERAC1

METACHROMATIC

LEUKODYSTROPH

Y

Deficiency of arylsulfatase A. Heterogeneous clinical presentation,
with infantile-onset of hypotonia, weakness followed by gait
disturbance and neuropathy. Patients become cognitively impaired
and develop hearing and visual loss. In childhood-adolescent onset
neuropsychiatric and cognitive problem are common, with findings
of pyramidal signs, ataxia and tremor. Adult presentations with
dementia, psychosis and spasticity have been reported. ARSA
activity in leukocytes that is less than 10% of normal. MRI shows
diffuse T2W hyperintensities in the parieto-occipital region (tigroid
pattern) in most individuals with late-infantile MLD, with
subcortical U-fibers and cerebellar white matter spared. Basal
ganglia abnormalities are rarely described and include T2W
hyperintensities in the striatum but may also include T2W

hypointensities in the pallidum and thalami. Autosomal recessive




inheritance. Gene: ARSA

METHADONE

TOXICITY

Methadone ingestion causes rapid hypotension, hypothermia,
bradycardia and coma. MRI brain shows bilateral T2W
hyperintensities in the putamen, brainstem, cerebellum and occipital

cortex with diffusion restriction.

METHANOL

TOXICITY

Nausea, vomiting, and abdominal pain after ingestion, followed by
hyperventilation, high anion gap metabolic acidosis and disorder of
consciousness. Papilledema, optic neuritis and retinal damage are
often seen.  Diffuse cerebral oedema and Putaminal T2W
hyperintensities is seen. Patchy T1W hyperintensities and
corresponding patchy susceptibility may be noted due to

haemorrhagic lesions.

METHYLMALONIC

ACIDEMIA

Methlymalonic acidemia (MMA) consists of a group of disorders
that lead to accumulation and excessive excretion of methylmalonic
acid as a result of defects in the conversion of methylmalonyl-
coenzyme A into succinyl-coenzyme A. This most commonly
occurs due to an enzyme deficiency of methylmalonyl-coenzyme A
mutase. Other described forms occur due to defects in synthesis and
transport of cobalamin and 5-deoxyadenosylcobalamin, which are
cofactors for the enzyme. Dominant involvement of the globus
pallidus with T2W hyperintensities is typical on MRI. Initially
pallidal abnormalities may be subtle or involve only part of the
pallidum but entire pallidal involvement and cystic changes

(Figures 1 and 2) can be noted on progression in late diagnosed or




untreated cases. Autosomal recessive inheritance.
Genes: MMUT, MMAA, MMAB, MMACHC, MMADHC, MCEE.

Also associated with ABCD4, ACSF3, CD320, LMBRD1, MLYCD,

MTR, MTRR, MUT, SUCLA2, SUCLG1, TCN2

MITOCHONDRIAL

COMPLEX

DEFICIENCY

Biochemical deficiency of Complex I of the mitochondrial electron
transport chain is determined by mutations in NDUFA1, NDUFA2,
NDUFAG6, NDUFA9, NDUFA10, NDUFAl1l, NDUFA12,
NDUFA13 NDUFB3, NDUFB8, NDUFB9, NDUFB10, NDUFB11,
NDUFS1, NDUFS2, NDUFS3, NDUFS4, NDUFS6, NDUFS7,
NDUFS8, NDUFV1, NDUFV2, NDUFAF1, NDUFAF2,
NDUFAF3, NDUFAF4, NDUFAF5, NDUFAF6, NDUFAF7,
NDUFAF8, ACAD9, ECSIT, FOXRED1, NUBPL, TIMMDC],
TMEM126B, MT-ND1, MT-ND2, MT-ND3, MT-ND4, MT-NDA4L,
MT-ND5, MT-ND6. Combined deficiency of Complex | can also
occur with mutations in other genes. The phenotypic spectrum is
variable from childhood to adult-onset of Leigh syndrome like
presentations or mitochondrial encephalopathy with stroke-like

episodes. Patchy T2W hyperintensities of the striatum and diffusion



https://ghr.nlm.nih.gov/gene/MMUT
https://ghr.nlm.nih.gov/gene/MMAA
https://ghr.nlm.nih.gov/gene/MMAB
https://ghr.nlm.nih.gov/gene/MMADHC
https://ghr.nlm.nih.gov/gene/MCEE

restriction are noted similar to other mitochondrial disorders.
Diffusion restriction can be noted during periods of decompensation

or acute crises.

MITOCHONDRIAL

COMPLEX \Y

DEFICIENCY

Biochemical deficiency of Complex IV of the mitochondrial
electron transport chain is determined by mutations in COX4l11,
COX412, COX5A, COX6A1, COX6B1, COX7B, COX8A, NDUFA4,
SURF1, SCO1, SCO2, COX10, COX15, COA3, COA5, COAG,
COA7, COX14, COX20, FASTKD?2, PET100, PET117, CEP89, MT-
CO1, MT-CO2, MT-CO3. Combined deficiency of Complex IV can
also occur with mutations in other genes such as those affecting
mitochondrial translation. Partial or complete involvement of the
putamen with T2W hyperintensities is noted. Pallidal T2W
hyperintensities can also be seen accompanying putaminal change
(Figure). Patchy sparing is noted in several cases in early stages of
the disease with later striatal atrophy, similar to other mitochondrial
disorders. Diffusion restriction can be noted during periods of
decompensation or acute crises. Varying degrees of brainstem
abnormalities can be seen in the acute stage, some of which can

resolve with time.




MITOCHONDRIAL

COMPLEX

DEFICIENCY

\

Biochemical deficiency of Complex V of the mitochondrial electron
transport chain is determined by mutations in ATP5A1, ATP5D,
ATPSE, ATPAF2, TMEM70, USMG5, MT-ATP6, MT-ATP8. MT-
ATP6 has mainly been described with a Leigh syndrome
presentation. Combined deficiency of Complex V can also occur
with mutations in other genes. The phenotypic spectrum is variable
from childhood to adult onset of Leigh syndrome like presentations
or mitochondrial encephalopathy with stroke like episodes. Partial
T2W hyperintensities of the putamen with patchy sparing is noted
in several cases, similar to other mitochondrial disorders (Figure 1).
Varying degrees of brainstem abnormalities can be seen in the acute
stage (Figure 2), some of which can resolve with time. Diffusion
restriction can be noted during periods of decompensation or acute

crises.




P S Z
A\ 4
o

Medulla

MITOCHONDRIAL

MAINTAINENCE

Multisystemic disorders to specific syndromes involving muscle,
brain, and gastrointestinal symptoms. Mutations in mtDNA
maintenance genes(SLC25A4, TFAM, POLG1, POLG2, TWNK,
DNA2, RNASEH1, MGME1, TP, TK2, DGUOK, RRM2B,
SUCLA2, SUCLG1, MPV17, OPAl, MFN2, AFG3L2, SPG7).
MRI pleiotrophy in these disorders is not well-described as genetic
associations are still being described. The MRI rating for this group
of disorders should therefore be interpreted with caution in the

current version of this tool.

MITOCHONDRIAL

MEMBRANE

PROTEIN

ASSOCIATED

NEURODEGENERA

TION

Childhood or adolescence onset with progressive dystonia-
parkinsonism, pyramidal signs, neuropsychiatric symptoms, optic
atrophy and later axonal motor neuronopathy. Susceptibility is
described in the pallidum and SN in most described cases. The
medial medullary lamina in the pallidum is usually spared (Figure
1) and is sometimes reported to show T2W hyperintense
“streaking”. Cerebellar atrophy can be noted in some cases (Figure
2, which also shows thin optic tracts). Autosomal recessive

inheritance. Gene: C190rf12




MITOCHONDRIAL

THIAMINE

TRANSPORTER

SLC25A19 gene mutations cause Amish congenital lethal
microcephaly and bilateral striatal necrosis with axonal
polyneuropathy. The onset is during infancy or childhood acute or
recurrent encephalopathy with flaccid paralysis, dystonia, and
neuropathy. High excretion of alpha-ketoglutaric acid in urine. MRI
shows symmetrical T2W hyperintensities in caudate and putamen.
Clinical improvement after thiamine supplementation. Autosomal

recessive inheritance. Gene: SLC25A19

MITOCHONDRIAL

TRANSLATION

Although most of the proteins present in mitochondria are encoded
by the nDNA, a few are encoded by the mtDNA and are synthesized
by the separate mitochondrial translation system. Many different
genetic changes in genes such as MT-TL1, EARS2 and other
Amino acyl tRNA synthetases 2 (aaRS2) genes. These disorders can
have variable ages of onset. The clinical phenotypes are very
heterogeneous and some individuals can present with a Leigh like
syndrome. Some mutations such as those in NARS2 can have
associated deafness. MRI pleiotropy in these disorders is not well-

described as genetic associations are still being described. The MRI




rating for this group of disorders should therefore be interpreted

with caution in the current version of this tool.

MUCOLIPIDOSIS

TYPE IV

Most reported cases in the Ashkenazi Jewish population.
Mucolipidosis type IV typically results in intellectual disability,
corneal opacities, and delayed motor milestones during infancy,
with a relatively static course. Visual impairment results mainly
from corneal clouding and retinal degeneration. The reduction of
gastric hydrochloric acid (achlorhydria) is believed due to the
dysfunction of parietal cells of the gastric mucosa. This
consequently increases gastrin as a compensatory mechanism. MRI
shows thin corpus callosum and cerebral and cerebellar atrophy
with microcephaly. Susceptibility on MRI is described to involve
the pallidum and sometimes the striatum. Hypomyelination is also
reported in some cases. Autosomal recessive inheritance. Gene:

MCOLN1

MYELINOLYSIS

Myelinolysis has been described in association with rapid
alterations in sodium levels and various other conditions like lupus,
Wilson’s disease, diabetes mellitus, haematological malignancies
and with other electrolyte imbalances. ~10% cases have
extrapontine involvement. The striatum is generally involved with
acute swelling and T2W hyperintensities. A rim of brighter T2W
hyperintensity may be noted around the putamen (Figure 1). The
thalamus (Figure 2) and the dorsal pons (Figure 3) are commonly
involved with sparing of the ventral pons. Diffusion restriction may

be noted in the acute stages. Signal changes on MRI are described




to resolve over time but the interval to complete resolution is

variable and can be weeks-months.

NEUROFERRITINOP

ATHY

Clinical onset in adulthood with psychiatric symptoms, chorea,
dystonia and spasticity. Cerebellar symptoms, palatal tremor and
akinesia are also reported. Low serum ferritin is an indicator. T2W
hyperintensities and cystic changes in the striatum and pallidum
with disease progression with surrounding rim of susceptibility.
Thalamic and dentate T2W hyperintensities and cystic change are
also described. Cortical lining of susceptibility change has been
described in some cases. Autosomal dominant inheritance. Gene:

FTL

NUP62

Infantile onset choreoathetoid movements, dystonia, horizontal
pendular nystagmus, optic atrophy, developmental regression and
spastic quadriparesis. MRI shows progressive symmetrical T2W
hyperintensities in the putamen, followed by atrophy in both
putamen and caudate. Autosomal recessive inheritance. Gene:

NUP62




PANTOTHENATE

KINASE

ASSOCIATED

NEURODEGENERA

TION

Pantothenate kinase-associated neurodegeneration (PKAN) is the
prototypic NBIA disorder. Susceptibility on MRI is noted in the
pallidum and sometimes in the SN. In some cases imaged early in
the disease course, the pallidum may only show an eccentric region
of T2W hyperintensity without susceptibility (Figure 1). The "eye-
of-the-tiger" sign is used to describe the appearance of the pallidum
on T2W and susceptibility sensitive data sets of a central area of
hyperintensity with surrounding hypointense pallidum (Figure 2).
Although commonly reported in cases of PKAN, the ‘eye-of-the-
tiger’ is not a universal finding and may depend on the disease stage
at which imaging is undertaken, and possibly on the genotype.
Many individuals develop retinal degeneration with time. Cerebellar
atrophy can be noted in some cases. Calcification within the

pallidum has been descibed in some cases noted on CT scan.

Autosomal recessive inheritance. Gene: PANK?2

PDESB

Familial adult-onset progressive parkinsonism. MRI shows striatal
T2W hyperintensities followed by progressive degeneration. T2W

hyperintensities are also noted in the thalami and rarely intermixed




regions of T1IW hyperintensity are also noted. Only two families

reported. Autosomal dominant inheritance. Gene: PDE8B

PDE10A

Biallelic mutations. Infantile-onset chorea and dystonia, usually
with normal cognition and developmental milestones. Some cases
of infantile chorea with latter adult-onset parkinsonism have been
reported. Chorea may respond to levodopa in some cases. Diurnal
fluctuations of chorea have been also reported. Brain MRI may be
normal or may show symmetrical bilateral T2W hyperintensities,
including the caudate nucleus and putamen with progressive striatal

atrophy. Autosomal recessive inheritance. Gene: PDE10A

PLA2G6

ASSOCIATED

NEURODEGENERA

TION

PLA2G6-associated neurodegeneration (PLAN) is one of the NBIA
disorders with a spectrum of clinical presentations from infantile
onset neuroaxonal dystrophy to presentations at later ages with
dystonia-parkinsonism. MRI may appear normal in early stages of
the disease or only show T2W hyperintensities in the anteromedial
globus pallidus. Susceptibility is noted in the globus pallidus in 40-
50% of cases overall (Figure 2) and can also be noted in the
substantia nigra. T2W hyperintensities are noted in the optic tracts
and sometimes noted in the striatum. Cerebellar (Figure 3) and optic
atrophy are other commonly described features.  Autosomal

recessive inheritance. Gene: PLA2G6




POLR3A

Childhood presentation with cerebellar ataxia, extraphyramidal
signs and varying combination of extra-neurological features. It is
classified as Hypomyelinating leukodystrophy 7 and the clinical
syndrome can make up the 4H syndrome of hypomyelination,
hypogonadotropic hypogonadism, and hypodontia. MRI classically
shows diffuse hypomyelination along with cerebellar atrophy and
thinning of the corpus callosum though variant cases with striatal
atrophy and T2W hyperintensities are noted to have less diffuse
hypomyelination or no white matter change and may have signal
changes in the mid brain, superior cerebellar peduncles and dentate

nuclei.

PRKRA

Childhood-onset generalized dystonia and dystonia-parkinsonism
non-responsive to levodopa. Bulbar and cranial-cervical dystonia
are often prominent. MRI is normal in the majority of cases and
striatal T2W hyperintensities with striatal atrophy have been
reported in a single case. Autosomal recessive inheritance. Gene:

PRKRA




PROPIONIC

ACIDEMIA

Propionic acidemia is a disorder of amino acid metabolism due to
deficiency of propionyl-CoA carboxylase. It can manifest in early
or later childhood and can sometimes have an acute encephalopathic
presentation with extrapyramidal movement disorder. MRI findings
include T2W hyperintensities in the putamen (Figure 1) and
sometimes seen in a central linear pattern in the thalami (Figure 1)
or the dentate nuclei (Figure 2). Cortical grey matter and corpus
callosum atrophy, as well as striatal atrophy, can be seen with

disease progression. Autosomal recessive inheritance. Gene:

PCCA,PCCB

PYRUVATE

DEHYDROGENASE

COMPLEX

DEFICIENCY

The pyruvate dehydrogenase complex (PDHC) of enzymes is
responsible for converting pyruvate to acetyl-coenzyme A, which is
a rate-limiting step of aerobic glycolysis. The biochemical
dysfunction of PDHC and associated lactic acidosis can occur with
genetic changes in one of these nuclear encoded mitochondrial
genes - Primary - DLAT, DLD, MPC1, PC, PDHAL, PDHB, PDHX,
PDK3, PDP1, PDPR Secondary -LIPT1, LIAS, TPK1, SLC19A3,

SLC25A19. Can be combined with other biochemical changes




HIBCH, ECHS1, Other genetic associations of functional pyruvate
dehydrogenase deficiency are related to mutations in genes that
determine the availability of cofactors of PDHC - LIPT1- and LIAS
(lipoic acid) and TPK1, SLC19A3 and SLC25A19 (thiamine
pyrophosphate) or genetic defects which lead to inhibition of PDHC
such as mutations in ECHS1. Clinical presentation can be
heterogeneous and some patients can present with episodic
encephalopathy and stepwise regression or a leigh syndrome-like
phenotype. Predominant globus pallidus T2W hyperintensities,
sometimes with associated posterior putaminal involvement is
typical when the basal ganglia show abnormality in cases with

PDHC deficiency. Diffusion restriction is noted during the acute

phases of the disease (Figure 2)

RAB39B

Intellectual disability with juvenile or adult-onset parkinsonism with
or without pyramidal signs. Moderate response to levodopa.
Affected family members may have intellectual disabilities with
autism spectrum disorder, epileptic seizures, and macrocephaly. CT

scan may show punctuated pallidal calcifications and MRI may




show susceptibility and T2W hypointensities in the globus pallidus,
putamen, red nuclei and thalami. X-linked recessive inheritance.

Gene: RAB39B

REPS1

Infantile-onset of trunk hypotonia followed by progressive
cerebellar ataxia, pyramidal syndrome. MRI may show T2W
hypointensity and susceptibility in the pallidum and peduncles
along with cortical and cerebellar atrophy. Autosomal recessive

inheritance. Gene: REPS1

SCP2

Sterol carrier protein X (SCPx) deficiency leads to the accumulation
of branch chain fatty acids. Only two patients reported.
Adolescent/Adult-onset  cerebellar ataxia, dystonic tremor,
nystagmus, hyposmia and deafness. MRI shows T2W hypointensity
and susceptibility in the globus pallidus and susbtantia nigra or may
show T2W hyperintensities in thalamus, white matter and

brainstem. Autosomal recessive inheritance. Gene: SCP2

SQSTM1

Childhood-onset ataxia, dysarthria, dystonia, vertical gaze palsy,
cognitive decline, dyskinesia. Brain MRI can be normal or in some
cases may show mild cerebellar atrophy as well as striatal and
pallidal susceptibility likely due to calcification and iron deposition.

Autosomal recessive inheritance. Gene: SQSTM1

SUCCINIC

SEMIALDEHYDE

DEHYDROGENASE

DEFICIENCY

Succinic semialdehyde dehydrogenase deficiency (SSADH) is a
disorder of GABA recycling, detected by 4-hydroxybutyric acid in
the urine. Mutations in ALDH5AL1 are confirmatory. Symptoms can
start in late infancy or early childhood with progressive movement

disorders. The pallidum (Figures 1 and 2) and STN commonly show




T2W hyperintensities with corresponding T1W hypointensities
while striatal involvement is rare. Diffusion restriction can be seen
acutely. Progressive atrophy can affect the pallidum or the
cerebellum. Other regions involved include the thalamus, dentate,
white matter and brainstem. Immature myelination has also been
reported in some cases. Autosomal recessive inheritance. Gene:

ALDH5A1

T2 weighted ~ T1 weighted

SULFITE OXIDASE

AND

MOLYBDENUM

COFACTOR

DEFICIENCY

Disorders of sulfur-containing amino acid metabolism. Neonatal or
infant onset of hypotonia and epilepsy. The spectrum includes facial
dysmorphism, severe psychomotor retardation, failure to thrive,
microcephaly, hyperplexia, lens dislocation and renal stones. CT
scan may show calcification in the basal ganglia and thalamus. The
characteristic MRI brain findings include progressive subcortical
encephalomalacia, T2W hyperintensities in the putamen or
pallidum, cerebral atrophy and thinning of the corpus callosum
Autosomal recessive inheritance. Genes: MOCS1, MOCS2, GEPH,

SUOX




THIAMINE

RESPONSIVE

BASAL GANGLIA

DISEASE

Thiamine metabolism dysfunction syndrome-2 (THMD?2) or biotin-
responsive basal ganglia disease, is a disorder that can manifest with
a Leigh like syndrome. It occurs due to mutations in the SLC19A3
gene leading to a cofactor deficiency for the PDHC. The striatum is
commonly involved showing swelling and T2W hyperintensity in
the acute stage (Figure 1) and the pallidum is rarely abnormal.
Changes are also commonly noted in the cortical grey matter and
multifocal T2W hyperintensities that may be diffusion restricting
can be a clue (Figure 2). Other regions showing abnormalities are
the thalamus and midbrain. Diffusion restriction can be noted
acutely and the MRI signal changes are often patchy. Treated cases
can show resolution of the MRI changes. Late diagnosed or
untreated cases can show progressive changes with striatal atrophy
and cystic change (Figure 3). Autosomal recessive inheritance.

Gene: SLC19A3

TUBB4A

Mutations in TUBB4A gene were identified to be associated with
the progressive ‘Hypomyelination with -atrophy of the basal ganglia
and cerebellum (H-ABC syndrome) radiological syndrome
described by Van der knaap et al. in 2001. Inheritance is autosomal
recessive. The clinical presentation usually starts in early childhood
with progressive motor difficulty and dystonia. Choreiform
movements and signs of cerebellar dysfunction can be noted.
Cognition and speech may be preserved though dysarthria may
become apparent with time. Prominent MRI features are cerebellar

atrophy (Figure 1) along with hypomyelination (Figure 2). Atrophy




of the striatum may not be seen in all cases. Susceptibility can be
noted in the pallidum (Figure 2) and T2W hypointensities noted in
the thalami reflect thalamic myelination that stands out in contrast

to undermyelinated surrounding structures. Autosomal dominant

inheritance. Gene: TUBB4A

UFM1

Infantile hypotonia and severe global neurodevelopmental delay and
seizures. MRI brain show generalised hypomyelination and atrophy
of the putamen. The caudate nucleus is atrophic and the caudate
head may show T2W hyperintensities. Atrophy of the cortical grey
matter, cerebellum and corpus callosum may also be noted and
many patients may fulfil clinical criteria for ‘Hypomyelination with
-atrophy of the basal ganglia and cerebellum (H-ABC syndrome)

Autosomal recessive inheritance. Gene: UFM1

VAC14

Juvenile onset generalised dystonia or dystonia-parkinsonism,
frequent pyramidal signs and rapid progression. No levodopa
response. In some patients, bilateral symmetrical T2W
hyperintensities in the putamen are seen on MRI. T2W

hypointensities and susceptibility in the pallidum and substantia




nigra suggestive of iron accumulation along with retinitis
pigmentosa has been reported in some cases. Autosomal recessive

inheritance. Gene: VAC14

VIGABATRIN

TOXICITY

Vigabatrin can precipitate neuroradiological changes that may
sometimes present acutely with an encephalopathy and
extrapyramidal movements or may become apparent over a longer
time period without a clear encephalopathic correlate. The changes
can appear acutely or insidiously over months. These changes may
resolve with follow up scans on stopping Vigabatrin, and even
while continuing Vigabatrin in some cases. The pattern of
abnormalities with T2W hyperintensities in the pallidum (Figure 1),

hypothalamus (Figure 2), brainstem and dentate nuclei (Figure 3) is

very suggestive of the diagnosis in the correct clinical context.

VPS13A

Chorea and dystonia, usually young adult onset with few childhood
onset cases described. Erythrocytic acanthocytosis. MRl commonly
shows T2W hyperintensity in the striatum along with progressive
striatal atrophy. MRI changes reported in few cases include T2W

hyperintensities in the white matter, thalamus, pons, cerebral




peduncles and corpus callosum. Susceptibility in the striatum and
pallidum is also reported in few cases. Autosomal recessive

inheritance. Gene: VPS13A

VPS13D

Childhood to adult-onset ataxia, with frequent pyramidal and
extrapyramidal signs such as chorea and dystonia. The disorder
progresses to spastic ataxia or generalized dystonia. Saccadic eye
intrusions, neuropathy and myoclonus in some families. MRI may
show bilateral and symmetrical T2W putaminal and caudate
hyperintensities. T2W hyperintensities may also be seen in the
globus pallidus, thalamus, white matter, subthalamic nuclei and
brainstem. Cerebellar atrophy is mild.  Autosomal recessive

inheritance. Gene: VPS13D

WILSON'S DISEASE

Wilson’s disease is a disorder of copper metabolism that leads to
accumulation of copper in the liver and later, in the brain. It is
associated with mutations in the ATP7B gene. The putamen is the
most common basal ganglia nucleus involved with T2W
hyperintensities and sometimes a surrounding rim of brighter T2W
hyperintensity. Other regions involved include the thalamus, pons,
midbrain, cerebellum and white matter. T2W hyperintensities of the
ventral midbrain, with relative sparing of the red nuclei can lead to
an appearance of the so called “giant panda” face in some cases.
T1W hyperintensity and susceptibility are not seen in all cases but
can be sometimes noted prominently in the striatum and may denote
concomitant iron deposition as noted on autopsy analysis in some

cases. Autosomal recessive inheritance. Gene: ATP7B




WOODHOUSE

SAKATI

SYNDROME

Clinical onset commonly in childhood with dysmorphic facial
appearance,  endocrine  dysfunction  (diabetes  mellitus,
hypogonadotropic hypogonadism), alopecia, sensorineural hearing
loss, keratoconus and flattened T waves on electrocardiogram.
Dystonia is progressive. White matter changes are more common
while basal ganglia susceptibility is described in some reports. MRI
shows frontal and parietal white matter T2W hyperintensities,
susceptibility in the striatum, pallidum, substantia nigra and red

nucleus. The pituitary gland shows susceptibility and atrophy.

Autosomal recessive inheritance. Gene: DCAF17

Supplementary table 6. Publications from literature review used to develop the

decision-making tool

Diagnostic category (Gene
symbol if applicable)

References for selected publications describing basal ganglia
abnormalities

3-HMG-COA LYASE
DEFICIENCY (HMGCL)

van der Knaap MS, Bakker HD, Valk J. MR imaging and proton
spectroscopy in 3-hydroxy-3-methylglutaryl coenzyme A lyase
deficiency. AINR Am J Neuroradiol 1998; 19(2): 378-82.
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Supplementary figure 3. Axial (A-G) and sagittal (H) TIW MRI images of patients with

bilateral basal ganglia MRI abnormalities to highlight the brighter signal change in disorders

with genetic hypermanganesemia (A,B) compared to other disorders which are associated

with brain iron accumulation or mimics. A — MRI of a 4-year-old boy with




hypermanganesemia associated with SLC30A10 showing diffuse T1W hyperintensities in
bilateral caudate, putamen and globus pallidus as well as diffuse but less intense T1W signal
change diffusely in the white matter; B - MRI a 11-year-old girl with hypermanganesemia
associated with SLC39A14 showing T1W hyperintensities in bilateral globus pallidus as well
as diffuse but less intense T1W signal change diffusely in the white matter; C — MRI of a 6-
year-old girl with MPAN showing T1W hyperintensity in bilateral globus pallidus; D - MRI
of a 2-year-old boy with fucosidosis showing T1W hyperintensity in bilateral globus pallidus;
E — MRI of a 2-year-old girl with PKAN showing T1W hypointensity in bilateral ventral
globus pallidus corresponding to T2W hyperintensity (the hyperintense part of the “eye of the
tiger”); F — MRI of the same girl as in panel “E” at 5 years of age with specks of TIW
hyperintensity in the centre of bilateral T1 hypointense regions in ventral globus pallidus; G
and H — Axial (G) and Sagittal (H) MRI of a 5-year-old girl with BPAN showing T1W
hyperintensity in bilateral substantia nigra

Abbreviations: MRI — Magnetic resonance imaging; TIW - T1-weighted; MPAN —
Mitochondrial protein associated neurodegeneration; PKAN — Pantothenate kinase associated

neurodegeneration; BPAN — Beta propeller protein associated neurodegeneration



Supplementary figure 4. Axial (A-D, F-lI) T2W, T2 FLAIR (Fluid attenuated inversion

recovery) (E) and TIW (J) MRI images of children with cerebral palsy (CP) due to hypoxic
ischaemic encephalopathy at term gestation. A — MRI at 3 years of age in a boy with CP
showing T2W hyperintensity in bilateral putamina, corticospinal tracts in both internal
capsules and ventrolateral thalami. Most of the putamina show signal change. There is also
some frontal-temporal cortical atrophy; B — MRI of a 4 year old boy with CP showing T2W
hyperintensity in bilateral dorsal putamina and ventrolateral thalami; C — MRI of a 3 year old
girl with CP showing T2W hyperintensity in bilateral dorsal putamina and hyperintensity in
ventrolateral thalami; D — MRI of the same patient as in panel “C” showing T2-FLAIR
hyperintensity in bilateral dorsal putamina, corticospinal tracts in the internal capsurle and
ventrolateral thalami; E — MRI of a 2 year old boy with CP showing prominent T2W
hyperintensity in bilateral dorsal putamina and subtle hyperintensity in ventrolateral thalami;
F — MRI of the same patient in panel “A” showing T2W hyperintensity in bilateral motor
cortical regions as well as surrounding white matter and parasagittal white matter ; G — MRI

of the same patient in panel “B” showing T2W hyperintensity in bilateral motor cortical



regions as well as surrounding white matter; H — MRI of the same patient in panel “C”
showing very subtle T2W hyperintensity in bilateral motor cortical regions; I — MRI of the
same patient in panel “D and H” with the subtle T2W hyperintensity now appearing clearing
with parasagittal white matter hyperintensities ; J — T1W axial MRI image of the same
patient in panel “E” showing hypointensities in the regions of the dorsal putamina

corresponding to T2W hypointensity suggesting cystic degeneration.

Supplementary figure 5. Axial T2W MRI images of children with kernicterus showing

hyperintensities in bilateral globus pallidus at different ages (denoted below each image). The
globus pallidus are normally more T2 hyperintense compared to the striatum in the first 2-3
years of life (on 1.5Tesla MRI scans). Distinguishing pathological hyperintensity may
therefore be difficult as shown by the image at 2 years of age for the same patient whose

pallidal hyperintensity was clearly prominent at 1 year of age (Ist image from left).

Supplementary table 7: Disorders reported with basal ganglia calcification*
PRIMARY FAMILIAL BASAL GANGLIA CALCIFICATION (FAHR’S DISEASE)

MYORG



PDGFB

PDGFRB

SLC20A2

XPR1

OTHER MONOGENIC DISORDERS REPORTED WITH BASAL GANGLIA CALCIFICATION

ADAR associated bilateral striatal necrosis

BETA PROPELLER PROTEIN ASSOCIATED NEURODEGENERATION (Gene: WDR45)#

CEREBRAL FOLATE DEFICIENCY (GENE: FOLR1)

CEREBRORETINAL MICROANGIOPATHY WITH CALCIFICATIONS AND CYSTS (GENES: CTC1, STN1)
COASY PROTEIN ASSOCIATED NEURODEGENERATION (Gene: COASY)

COCKAYNE SYNDROME (GENES: ERCC6, ERCC8)

COL4A1

DIHYDROPTERIDINE REDUCTASE DEFICIENCY (GENE: QDPR)

LIPOID PROTEINOSIS (GENE: ECM1)

RAB39B

PANTOTHENATE KINASE ASSOCIATION NEURODEGENERATION (Gene: PANK2)#

PETTIGREW SYNDROME (Gene: AP152)

POLYCYSTIC LIPOMEMBRANOUS OSTEODYSPLASIA WITH SCLEROSING LEUKOENCEPHALOPATHY
(GENE: TYROBP)

SULFITE OXIDASE AND MOLYBDENUM COFACTOR DEFICIENCY

TRISOMY 21

VARIOUS MITOCHONDRIAL DISORDERS

OTHER DISORDERS THAT ARE REPORTED WITH (SECONDARY) BASAL GANGLIA CALCIFICATION
COELIAC DISEASE

INFECTIOUS SYNDROMES — BRUCELLOSIS, EPSTEIN BARR VIRUS, HUMAN IMMUNODEFICIENCY



VIRUS
LANGERHANS CELL HISTIOCYTOSIS
CARBON MONOXIDE AND LEAD POISONING
POST RADIATION AND POST CHEMOTHERAPY
SYSTEMIC DISORDERS OF CALCIUM AND PHOSPHATE METABOLISM
HYPOPARATHYROIDISM, PSEUDOHYPOPARATHYROIDISM, PSEUDOPSEUDOHYPOPARATHYROIDSIM,
HYPERPARATHYROIDISM, HYPOTHYROIDISM
SYSTEMIC LUPUS ERYTHEMATOSUS
* Calcification in the basal ganglia or other brain regions may sometimes, but not always appear as
MRI signal change (T1IW hyperintensity or hypointensity on T2W/susceptibility sensitive data sets)
and may only be obvious on cranial CT scans.
#Dlsorders with brain iron accumulation where calcifications are also reported on ct scans in some
patients
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